The circuit parameters are investigated in a Mather-type plasma focus device. The experiments are performed in the SABALAN-I plasma focus facility (2 kJ, 20 kV, 10 mF). A 12-turn Rogowski coil is built and used to measure the time derivative of discharge current (dI/dt). The high pressure test has been performed in this work, as alternative technique to short circuit test to determine the machine circuit parameters and calibration factor of the Rogowski coil. The operating parameters are calculated by two methods and the results show that the relative error of determined parameters by method I, are very low in comparison to method II. Thus the method I produces more accurate results than method II. The high pressure test is operated with this assumption that no plasma motion and the circuit parameters may be estimated using R-L-C theory given that C 0 is known. However, for a plasma focus, even at highest permissible pressure it is found that there is significant motion, so that estimated circuit parameters not accurate. So the Lee Model code is used in short circuit mode to generate the computed current trace for fitting to the current waveform was integrated from current derivative signal taken with Rogowski coil. Hence, the dynamics of plasma is accounted for into the estimation and the static bank parameters are determined accurately.
Introduction
The plasma focus (PF) was independently discovered in the early 60 s by Mather in the USA and Filippov in the former Soviet Union [1, 2] . The main differences between Mather and Filippov machine configuration are the electrode dimensions and the inner electrode aspect ratio (diameter/axial length). The plasma focus device is well known as source of high intensity X-rays pulses [3] , fast neutrons [4] , energetic electron and ion beams [5, 6] .
These devices have found variety of applications such as X-ray lithography, X-ray spectroscopy and microscopy, material coating through ion sputtering, pulsed activation analysis, physics research and material research. The plasma focus is a two-dimensional Zpinch like device formed on or near the axis at the end of a coaxial plasma accelerator. In this device a hot and dens plasma with plasma electron density (n e > 10 20 cm À3 ) and temperature (T e > 500 eV) in a plasma span ranging from a few nanoseconds to a few hundred nanoseconds is created [7] .
In the plasma focus device, high voltage applied across the electrodes causes discharge along the surface of cylindrical insulator and during this period, a high intensity transient plasma current is passed through the device. This current drives all physical processes in the plasma focus device, therefore, it is necessary to determine its characteristics. The high intensity transient current in plasma physics experiments are measured by inductive and resistive sensors but the most simple and effective device commonly used to measure such a high current is Rogowski coil.
Walter Rogowski (1881 Rogowski ( -1974 , in 1912 proposed the use of Rogowski coil, with toroidal shaped for polling the current changes with respect to time. It is an inductive sensor and operates on simple laws of electromagnetism. One of the most important properties of a Rogowski coil measuring system is that, it is inherently linear.
The static inductance and resistance of a plasma focus capacitor bank (L 0, R 0 ), are considered important parameters in determining the behavior of the current waveform supplied to the machine. Hence, they affects the neutron yield and X-ray emission of such machine [8, 9] . The most reliable method to determine the PF circuit parameters C 0 , L 0 and R 0 is the short circuit test. It means that the PF machine operate in the no-dynamics mode where the circuit can be electrically represented as a series R-L-C circuit and the current waveform has a damped sinusoidal shape. However, because of the short circuit test is technically difficult to perform particularly in high current machines, so it may be preferred in many experiments to operate a high pressure test in order to minimize current sheet motion, thus simulating no-dynamic load to get approximate values for the circuit parameters [8, 10] .
Lee [11] , was developed a parallel plate low inductance current shunt to measure current, but because of contact problems between the resistive element and the clamping copper plates, this shunt was used only for confirming the calibration of the Rogowski coils.
Saw [12] , measured the discharge current by means of a Rogowski coil placed in the upper part of the coaxial cathode return between the glass chamber and the cathode return. The Rogowski coil has approximately 500 turns and it is operated as a current transformer by shorting the terminals with a small resistance (r). The calibration of the current transformer is obtained by operating the pinch machine at a pressure of 5 mbar air to produce a damped sinusoidal waveform.
Serban [13] , used the Rogowski coil to measure high electrical current pulses. He employed two method to determine the calibration factor of the Rogowski coil and circuit parameters of NIE-SSC-PFF plasma focus device by discharging the capacitor bank with the load short circuited.
Liu [14] , obtained the values of the electrical parameters of the NIE-SSC-PFF, using the Rogowski coil calibration procedure. He used a Rogowski coil as a current transformer for the measurement of short circuit discharge current. As he reported, the plasma focus system with the electrodes shorted from the end, was employed as such a simple R-L-C circuit to do the calibration.
Shan [15] , used the Rogowski coil in NX2 plasma focus device to measure the time derivative of current (dI/dt). The short circuit test has been performed in his work to determine the technical parameters of the discharge circuit and calibration factor of the Rogowski coil. The operating parameters of the system was obtained from two methods: by fitting the experimental data into (dI/dt) equation and by determining the ratio between successive extremes in the recorded (dI/dt) trace (the reversal ratio).
Shahid Rafique [16] , employed the Rogowski coil as a current transformer in NIE-SSC-PFF, to measure the discharge current. The calibration factor of the Rogowski coil was determined using the current waveform.
Patran [17] , used two Rogowski coil in experiments: one of them monitored the main discharge current, while the other was employed to measure the electron beam current. These coils were both derivative-type. The output from the coil used for the discharge current was first recorded directly (via a 10:1 resistive attenuator) as the current derivative signal. It was also integrated (using a 44 ms passive R-C integrator) to give the discharge current. The coil used for the electron beam signal, was coupled to a 2 ms passive integrator. The calibration factor of these coils were determined using the discharge current signal.
Hasan [18] , performed high pressure test to estimate the circuit parameters of NX2 plasma focus device. A Rogowski coil was employed to measure the discharge current.
Tarifano [19] , employed the Rogowski coil in PF-50J to measure the time derivative of current by means of short circuit test. The circuit parameters of PF-50J and the calibration factor of the Rogowski coil was determined using the (dI/dt) signal.
Lee et al. [20] , reported the importance of accurate measurement and processing of discharge current in the plasma focus using a Rogowski coil in two different modes: the current transformer (''I" mode) and the time derivative of current (''I dot" mode). A Rogowski coil with a large number of turns and a sub-1 Ohm terminator was employed as current transformer whereas a Rogowski coil with a few turns terminated by 50-Ohm is also described as the (dI/dt) coil. The current transformer Rogowski coil with its output filtered using different low pass FFT filtering is compared to a 7-turn current derivative Rogowski coil. The (dI/dt) coil is found to be superior in terms of frequency response and is generally agreed to be used in collaborative research projects among several research laboratories. A 7-turn coil was tested against the Lee Model code and found to be suitable to measure the plasma focus.
Talebitaher [21] , used the Rogowski coil in NX2 plasma focus device to measure the time derivative of current (dI/dt). The plasma focus with the electrodes shorted from the end, was employed as a simple R-L-C circuit to perform the calibration of Rogowski coil.
Abdu et al. [22] , performed the KSU-DPF short circuit test using an aluminum circular disk in place of the central electrode connecting the cathode base to accurately measure the machine static parameters, i.e. L 0 , R 0 and C 0. During the test, the anode was connected to the cathode. The short circuit test producing the damped sinusoidal waveform. During the discharge, the time derivative of the discharge current is measured using a calibrated Rogowski coil. The time derivative of the current is numerically integrated using the DPO oscilloscope to obtain the current.
Perusquia et al. [23] , studied the Rogowski coil response in a plasma focus device. The coil operation was realized in a plasma focus device and show good performance. A coil was used to measure the current and voltage change with respect to time, during the normal operation of the machine.
This paper reports the measurement of circuit parameters in a Mather-type plasma focus device, named SABALAN-I, using a 12-turn Rogowski coil in current derivative mode. The high pressure test has been performed in this work to measure the technical parameters of the discharge circuit and calibrate the Rogowski coil. The current derivative signal contains a set of data from physical processes in the device, as well as discharge current characteristics. We determined the operating parameters using two methods [15] , by fitting the experiment data in current derivative equation (Method I) and by measuring the ratio between successive extremes and oscillation period in the recorded (dI/dt) trace (Method II). Then we compared the results to recognize accuracy of methods. We determined static bank parameters first using damped R-L-C analysis, assuming no current sheet dynamics because at very high pressure the current sheet has a little motion. However this movement, even though the axial motion is minimal, affects the current waveform and introduces an additional time varying inductance into the circuit, so that the value of the estimated static inductance will be too high. Therefore estimated circuit parameters using R-L-C theory not accurate. Hence, for the final test, we used the Lee Model code to account for this motion and accurately determine these parameters. The Lee Model, couples the electrical circuit with plasma focus dynamics, thermodynamics, and radiation [24] [25] [26] [27] . Further, this code can be configured to run the discharge short-circuited [28] . The current waveform was integrated from current derivative signal taken with the Rogowski coil and fitted with computed current waveform using Lee Model code with estimated operating parameters of SABALAN-I. So the plasma motion is corresponded into accurately measurement of static bank parameters.
Experimental setup and diagnostics

SABALAN-I specifications
The experiments have been conducted in the SABALAN-I plasma focus facility at the Plasma Physics Research Center at the Science and Research Branch, Islamic Azad University in Tehran. This machine was designed to be used as a multi radiation source for application in ion sputtering, material and physics research. It has a Mather's type geometry as shown in Fig. 1 .
The machine uses a single capacitor bank of 10 mF capacitance with rated voltage of 20 kV and stored energy of 2 kJ. The central electrode is a copper anode with 75 mm active length and outer diameter of 20 mm. The insulator is a Pyrex tube of 25 mm active length and 2.6 mm wall thickness. (Fig. 2) . The coaxial cathode is formed by 12 copper rods with 120 mm length and outer diameter of 10 mm, arranged in squirrel cage configuration at a radius of 29 mm (Fig. 3) . Both cathode and anode are mounted inside a stainless steel chamber with two glass window.
The current was measured using a 12-turn Rogowski coil, placed around any of the current return path, as shown in Fig. 4 . The output of the Rogowski coil are connected using a coaxial cable shielded with Aluminum foil, to a GW INSTEK GDS-1000 series oscilloscope (Fig. 5) .
Rogowski coil consideration
The Rogowski coil is an indirect current measuring device. It is a multi-turn torus-shaped solenoid and made by inserting a surface insulated copper wire into a thick plastic hose. The schematic drawing of the Rogowski coil is shown in Fig. 6 .
It is placed around the current carrying conductor. It works on principle of Faraday's low of electromagnetic inductance. The discharge current is made to go through the coil. The change of the discharge current (dI/dt) produces induced electromotive force (k dI/dt) in the coil. The equivalent circuit is shown in Fig. 7 . The circuit equation can be written as:
where ''k" is a constant, ''r" is the terminator resistance with a low inductance, ''L c " and ''r c " are the inductance and resistance of the Rogowski coil respectively, ''I" is the discharge current is assumed to pass through the center of the major cross section of the toroidal coil and ''i" is the induced circuit current in the coil. The Rogowski coil is typically operated in one of the following two modes: 
In this case, Lc rþrc has to be much smaller than the current pulse duration and the Rogowski coil can be used to measure the time derivative of the current. 
Under this condition, Lc rþrc has to be much bigger than the current pulse duration and the Rogowski coil acts as a current transformer.
Short circuit test
The operating principal of the plasma focus acts is simple: A capacitor bank (C 0 ) discharge a large current into the coaxial tube. The current flows in a current sheet which is driven by the J Â B force axially down the tub. At the end of axial phase, the current sheet pinches inwardly sweeping around the end of the anode and finally implodes radially, forming an elongating pinch. The equivalent circuit structure of plasma focus is shown in Fig. 8 .
Thus the circuit equation can be written as:
where ''R 0 " is the system resistance, ''L 0 " is the system inductance, ''C 0 " is the capacitance of single capacitor bank, ''R p " is the plasma resistance, ''L p " is the inductance of plasma tube, ''I p " is the current flow through plasma, ''I" is the discharge current and ''V 0 " is the discharge voltage.
When the Rogowski coil is used to measure the time derivative of current, need to be calibrated to allow the measurement of the absolute value of the discharge current flowing through the Rogowski coil.
In many experiments [11, [13] [14] [15] 19, 21, 22] , the short circuit test is usually employed to measure the technical parameters of the discharge current and calibrate the Rogowski coil. It is obtained by operating the pinch machine in the no-dynamics mode where the circuit can be electrically represented as a series R-L-C circuit and the current waveform has a damped sinusoidal shape. So it is equivalent to directly connecting point 1 and 2 in Fig. 8 and shortcircuiting the plasma focus at its input end. The discharge current does not flow in plasma load and the circuit equation become as: 
The discharge current trace is a damped sinusoidal waveform that can be assumed of the form: 
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where:
''I 0 " is the peak current of discharge circuit and ''T" is the discharge period.
The Eq. (7) is the solution of Eq. (6) for
, which is the case for our machine. Substitute Eq. (7) into Eq. (6) yields the following equations:
The Rogowski coil were used in our experiments, works as the (dI/dt) coil. The (dI/dt) signal has a form:
is the waveform recorded in the oscilloscope, ''K" is the calibration factor of the Rogowski coil and:
Two methods were employed to calculate the characteristic circuit parameters and calibration factor of the Rogowski coil [15] .
Method I
The parameters a; x; d and (9)- (11). Method II On the basis of Eq. (12), the ratio between successive extremes in the recorded (dI/dt) trace (the reversal ratio) is given by:
The discharge period (T) can be calculated by averaging over the first several period in (dI/dt) trace. As we can get (x) and (hrevi) from (dI/dt) trace, (x) can be easily obtained by directly measure the period of the oscillation as: and (hrevi) can be estimated from the height of each peak (V 1 ,V 2 , V 3 ,. . .,V N ) as:
Then by Eq. (14) we can also calculate (a) and furthermore the circuit parameters (I 0 , L 0 and R 0 ) using Eqs. (9)- (11). On the other hand, the maxima of the current occurs at time (t max ), found by setting Eq. (12) to zero, as:
Then by Eq. (7), the maximum current is:
The current waveform can be obtained by numerically integrating the experiment data of the recorded (dI/dt) trace, using a scheme such as:
Then the peak value of the discharge current waveform can be measured as (V peak ) and the calibration coefficient for (dI/dt) signal is:
High pressure test
Using a physical short circuit across the electromagnetic load in the plasma focus device is usually technically difficult, so the discharge can be operated at the highest practicable pressure [8, 10, 12, 18, 28] . By increasing the filling pressure, the current sheet slows down, as will be explained in the following
The scaling relation for electromagnetic drive speed is:
where ''S" is the drive factor, ''a" is the anode radius and ''q" is the gas density. Here, anode radius is constant, q is proportional to the pressure for a fixed gas and I 0 is approximately proportional to the charging voltage. When the gas pressure is very high practically, the gas density is more than the optimum gas work density, so that the drive factor becomes very small. Thus the current sheet only moves a little down the plasma tube and does not reaches the end of the anode at the end of the first half cycle drive, so the radial phase does not start. It is equivalent to short circuiting the plasma focus at its input end. Hence, in PF machines, the high pressure regime of operation can be used as alternative technique to short circuit test. Whit this assumption, the static electrical parameters of capacitor bank may be estimated according to method I and II introduced in the Section ''Short circuit test". However at safe high pressure, there is still significant motion. This movement add to the circuit inductance and the value of the estimated inductance will have a part which is due to inductance increase as a result of motion. So the assumption of a zero dynamics load introduces unacceptable errors into the determination of the circuit parameters. Hence the Lee Model code is necessary to generate a computed current trace for fitting to the discharge current waveform to obtain more accurate static electrical parameters of system.
Experiment and results
Calculation of static parameters
The high pressure test has been performed in SABALAN-I plasma focus facility to obtain operating parameters of the system. The test was performed at bank voltage: V 0 = (6.0 ± 0.6) kV, bank capacitance C 0 = 10 mF and anode active length: Z 0 = (75.04 ± 0.01) mm. The operating gas was Argon at pressure (1.00 ± 0.05) torr.
For the first series of experiments, a Rogowski coil was used as (dI/dt) coil. A typical oscillogram of current derivative signal is shown in Fig.9 . Fig.10 shows the measured (dI/dt) osc data and its fitted trace of the short circuit test. On the basis of Eq. (12), the fitting equation is:
The fitting results are: Þ. For comparison, method II was employed. The current trace was obtained by integrating the measured (dI/dt) osc trace with Eq. (19) . Fig.11 shows (dI/dt) osc trace and Fig.12 shows the numerically integrated Rogowski coil signal.
The height of each peak in (dI/dt) osc trace (V 1 ,V 2 ,. . .,V 9 ) and the peak value (V peak ) in current waveform was measured. The oscillation period (T) was calculated by averaging over the first three period in (dI/dt) osc trace and the reversal ratio was determined from Eq. (16) . Fig. 9 . Oscillogram of current derivative signal.
¼ ð0:66 AE 0:01Þ V peak ¼ ð6:7 AE 0:1Þ Â 10 À5 ðV:sÞ
Subsequently the related parameters were computed from Eqs. (14), (15) and (18) Table 1 , it is seen that the relative error of determined parameters by method I, are very low in comparison to method II (about 3%), so the method I, produces more accurate results than method II. Of course, there are some exception in Table. 1: i) the relative error of obtained values for I 0 and K via method I are about 10-12%, because K is proportional to I 0 and I 0 is proportional to V 0 and V 0 has a major absolute error (about ±0.6 kV). ii) The relative error of calculated values for hrevi and V peak through the method II are below 2%, because these parameters are proportional to oscilloscope data and measured error of oscilloscope data is about ±0.5 V.
Comparison with Lee Model
Finally we used the Lee Model code configured to run the discharge short-circuited in order to generate a computed current trace for fitting to the measured current waveform. For this fitting, the circuit parameters of SABALAN-I as follows: the static inductance L 0 = 224.6 (nH), the circuit resistance R 0 = 29 (mO), the capacitance C 0 = 10 (mF), the cathode radius b = 2.94 (cm), the anode radius a = 1 (cm), the anode length Z 0 = 7.5 (cm). The Argon gas at pressure of P 0 = 1 (torr) and charging voltage of V 0 = 6 (kV) were used for the analysis. We select a discharge current trace of the SABALAN-I plasma focus facility, by integration of current derivative signal taken with the above-mentioned Rogowski coil. This integrated current waveform was compared to the computed current waveform, as shown in Fig. 13 . This figure shows that, the integrated current showed good agreement with Lee Model.
But for determination of more accurate static bank parameters, it is necessary to compare two waveform in first half cycle of the current pulse, as shown in Fig. 14 . This figure has shown us that the three features will be fitted for the axial phase: i) the rising part of current trace; ii) the topping profile and iii) the peak current profile. This good fit was obtained after several operation, as shown in Fig. 15 .
It was found that for suitable fit, we must change the value of the static inductance to L 0 = 219.8 (nH) and the value of static resistance to R 0 = 35.4 (mX). So the value of the peak current of discharge circuit changed to I 0 = 40.5 (kA).
Conclusion
The circuit parameters in a Mather-type plasma focus device using a Rogowski coil are determined. The experiments are performed in a SABALAN-I plasma focus facility (2 kJ, 20 kV, 10 mF), operating with Argon at pressure of (1.00 ± 0.05) torr and discharge voltage of (6.0 ± 0.6) kV. High pressure test was carried out using the plasma focus machine with the central electrode length of (75.04 ± 0.01) mm and a 12-turn Rogowski coil to measure the current derivative signal (dI/dt). The machine circuit parameters and calibration factor of the Rogowski coil were calculated by two methods and it is found that method I is precise because all the experimental data is used, so the relative error of determined parameters by this method are very low in comparison to method II. Thus, method I produces more accurate results than method II. Moreover, for estimating more accurate static electrical parameters of capacitor bank, the current waveform was integrated from current derivative signal taken with the Rogowski coil and fitted Fig. 13 . The experimental and the simulated current signals before the fitting process for Argon gas at V 0 = 6 (kV) and P 0 = 1 (torr). with computed current waveform using Lee Model code in short circuit mode with operating parameters of SABALAN-I plasma focus facility obtained by method I (Table 1) . The high pressure test was performed five times and the circuit parameters and calibration factor were determined each times by method I and fitting with Lee Model. Finally, the circuit parameters and calibration coefficient, were obtained by averaging over these data:
The static inductance L 0 ¼ 217 AE 1 ðnHÞ 
